Introduction
Cancer cells employ various mechanisms to compromise their microenvironment, thereby overcoming growth barriers or endogenous tumor suppressive processes. 1 Recent data suggest a central role of tumor-derived EVs in numerous processes impacting tumor growth such as promoting metastasis, 2, 3 inducing drug resistance and to skew the differentiation of monocytes into MDSCs, 4, 5 that strongly suppress antitumor immunity promoting cancer progression. Conceptually, the interaction of tumor cells with the host tissue has been based on the interplay of individual pairs of ligands and their receptors impacting their gene regulation. In contrast, EVs enable the direct transfer of molecules that are normally not considered in cell-cell communication, particularly RNAs. [6] [7] [8] Therefore, intercellular signaling based on the release of EVs by tumor cells and concomitant uptake by cells of the surrounding tissue has recently been introduced as a different paradigm. 9 However, to our knowledge, it has not been possible to pinpoint transfer of EV content, including RNA, to individual target cells in vivo which presents a major obstacle to identify EV-induced cellular changes that may be of therapeutic value. We could recently establish the Cre/LoxP system to trace EV transfer of RNA from hematopoietic cells to neurons under inflammatory conditions. 10 Now we addressed the question whether expression of Cre recombinase in different tumor cell lines could lead to the release of EVs containing functional Cre mRNA.
Results and Discussion
A schematic presentation of our overall experimental strategy is shown in Figure 1A . We stably transduced two murine tumor cell lines with a retroviral or lentiviral vector expressing Cre recombinase alone or in combination with GFP. We employed the cell line TU2449, derived from a spontaneously arising tumor in a murine glioma model, overexpressing v-src specifically in the astrocytic lineage. 11, 12 In addition, we used the Lewis lung carcinoma cell line LLC2. Cre and GFP expression was verified by immunocytochemistry and flow cytometry respectively. Cre mRNA could be detected in EV-containing pellets but not in the supernatant prepared from tumor cell conditioned culture medium after ultracentrifugation (Fig. 1B) . Importantly, RNase treatment did not abolish the signal, indicating that the Cre mRNA is localized inside vesicles and thus protected from digestion. 13 Interestingly, GFP mRNA could be detected in EVs from glioma but not carcinoma cells. To exclude the association of Cre mRNA with protein particles, we digested EV preparations from both cell lines with protease alone, or followed by RNase digestion. These treatments did not abolish detection of Cre in contrast to treatment of EV preparations with detergent to lyse membrane vesicles in combination with RNase digestion (Fig. 1C) . EV preparations from both cell lines were additionally processed for ultrastructural analysis (Fig. 1D) , showing predominantly vesicles of the shape and size typically described for exosomes. 14 For further analysis, EV preparations from tumor cell supernatants were normalized according to their protein content and separated by sucrose density ultracentrifugation. The gradient fractions were processed for western blot analysis with the exosomal markers TSG101 and CD9 as well as calnexin to exclude putative ER contaminations. In line with previously published data, a signal for TSG101 and CD9 expression was strongest in the exosomal fractions 2-5 and very little to no signal in the high-density fractions 7-12. 15 Calnexin reactivity was not detected. An aliquot from each fraction was processed separately for RT-PCR analysis for Cre mRNA. For the cell line TU2449, we found the strongest signal of Cre transcript in fractions 4-7, and a weaker but detectable signal in all the other fractions (Fig. 1D) . Importantly, we could not detect Cre protein in any of the fractions. In separate experiments where up to 50 mg protein of total EV preparations were loaded per lane, we could not detect any signal, even after long exposure times. Cre protein was nearly undetectable in cellular detergents lysates and required nuclear extracts to become detectable (Fig. 1E) . This is consistent with the notion that Cre contains an artificial nuclear translocation site (NLS) and therefore localizes to the nucleus. 16, 17 For LLC2 cells, Cre mRNA was found only in the exosomal fractions 3-7; Cre protein was also not detected in exosomes but was present in nuclear extracts of the cells (Fig. 1F) . This shows that Cre mRNA expressed by tumor cells can become incorporated into EVs that are released from the cells with the highest amounts detected in exosomes. Interestingly, the Cre mRNA signal did not completely overlap with that of exosomal markers TSG101 and CD9. However, although efforts for a more precise classification are underway, 8 EVs are not very well characterized in terms of their marker profile and putative biological functions. Our results may thus indicate possible subpopulations of vesicles that differ in their RNA cargo. The failure to detect Cre-protein in exosomes may be due to the localization of the protein in the nucleus rather than in the cytosol.
Using the murine glioma cell line TU2449, we investigated if recombination events could be observed after transplantation that would indicate a transfer of Cre mRNA via EVs. TU2449 cells show a very aggressive and highly infiltrative growth recapitulating many aspects typical for gliomas. 12 Immunofluorescent staining for the marker protein b-galactosidase performed 10-12 d after tumor cell implantation revealed frequent recombination events predominantly along the edges of the tumor tissue but also deeper in the brain parenchyma ( Fig. 2A) . We did not observe any co-labeling of recombined cells with GFP endogenously expressed by the tumor cells, thereby excluding cell fusion as an alternative explanation for the observed recombination. To identify recombined cell types, we performed immunofluorescent co-staining of b-galactosidase with markers for neurons (NeuN, Fig. 2B ), endothelial cells (von Willebrand Factor, vWF, Fig. 2C ), microglia (Iba1, Fig. 2D ) and leukocytes (CD45, Fig. 2E ). Immune cell infiltrates can regularly be found within malignant gliomas although their influence on the progression of pathology is not very well understood. Analysis by flow cytometry revealed that >90% of all recombined cells in or around the tumor mass were CD45C leukocytes and about 50% were CD11bCGr1C MDSCs (Fig. 2E) . To test whether tumorderived Cre mRNA-containing EVs are sufficient to induce reporter gene expression, we injected 2 mL total EV preparations as well as the subfractions 2-6 (exosomes) and 9-12 (membrane blebs) into the brains of Cre-reporter mice. As a control, we injected lysates from TU2449CreGfp cells to exclude transfer of Cre by cellular debris (2 separate EV preparations; n D 2 mice with 2 injections into each mouse). Recombined cells could be observed along the injection canal 3 d after injection of tumor EVs, exosomes and membrane blebs but not lysate. We observed cells expressing the neuronal marker NeuN, but not the astrocytic marker GFAP consistent with our findings in the transplantation model (Fig. 2F) .
Next, biologically distinct tumor cells (Cre-Gfp-expressing LLC2) were injected either in the tail vein or subcutaneously. LLC2 cells metastasize primarily to the lung, and we did not observe tumor formation in any other organ within the timeframe of our experiments (three weeks). Co-staining for the recombination marker b-galactosidase and GFP did not reveal any co-localization, again excluding cell fusion of Cre expressing tumor cells with host cells. Almost all b-galactosidase-positive cells co-expressed the leukocyte marker CD45 (Fig. 3A) . This was confirmed by flow cytometry using Rosa26-EYFP reporter mice transplanted with LLC2Cre-Gfp tumor cells, showing that all recombined YFP-expressing cells were also positive for CD45 (data not shown). The percentage of recombined marker-positive cells within the total population of tumor infiltrating leukocytes ranged from 0.1% to 2.2% (Figs. 3B and C) with the tendency of an increased frequency of recombined cells in larger tumors. Analysis of tumor infiltrating leukocyte subpopulations by flow cytometry revealed that about 40% of all recombined leukocytes was represented by CD11bCGr1C MDSCs followed by a smaller proportion of Gr1-F4/80C macrophages and Gr1-F4/ 80¡ CD11cC dendritic cells (Fig. 2D) . All three cell types have been described to be capable of exosome uptake in vitro. 18, 19 To analyze whether tumor-derived EVs could be detected systemically, we prepared EVs from the blood sera of four mice from each tumor model and tested for Cre mRNA by RT-PCR. In the Tu2449Cre-Gfp glioma model, all sera were negative, whereas with a carcinoma, two of four mice had detectable levels of Cre mRNA (Fig. 3E) . In both tumor models, recombination events were detected only in the tumor lesions but not in distant organs such as spleen and liver. Taken together, our data from the lung carcinoma and glioma model demonstrates that EV transfer of functional RNA from tumor to host cells in the tumor microenvironment in vivo can be visualized by Cre-lox-mediated labeling. In the light of our findings in both tumor models, we found it particularly interesting that tumor-derived EVs have been shown to be sufficient to induce an immunosuppressive pattern in MDSCs in vitro.
5 Consistent with these findings, comparing recombined MDSCs with their non-recombined counterparts in the LLC2 model, we found a significantly higher frequency of recombined cells expressing PD-L1 (Figs. 4A-C) . This ligand has been described to be expressed on MDSCs and tumor cells 20, 21 and to induce T cell anergy by binding to its receptor PD-1. 22, 23 In addition, we sorted recombined and non-recombined MDSCs from tumor bearing Cre-reporter mice (n D 2) and analyzed the expression of ARG-1, TGF-b and inducible nitric oxide synthase (iNOS) that play a key role in the MDSCmediated immunosuppression during the tumor progression. 20, 24 The data revealed an upregulation of the expression of ARG-1 and TGF-b (to a lesser extent), suggesting the stimulation of MDSC immunosuppressive functions (Fig. 4D) . Interestingly, 
e1008371-4 Volume 4 Issue 6 OncoImmunology
we also detected the stimulation of the iNOS expression in MDSCs, albeit on a very low absolute expression level (data not shown).
The RNA carried by tumor-derived EVs includes short noncoding RNA and miRNA. 6 miRNAs are increasingly recognized to play an important role in the immune regulation and have been suggested to be transferred from tumor to stroma cells through exosomes. 25 Therefore, we first analyzed exosomes isolated from LLC2 tumor cell supernatants for their miRNA content using miRNA qPCR arrays. We detected a total number of 161 miRNAs (Cp <36 ) ( Table S1 ). Next, MDSCs were sorted from LLC2-Cre lung tumors from 3 individual Cre reporter mice based on the presence or absence of reporter gene expression. Analysis of their miRNA profile based on qPCR arrays demonstrated a general increase in the number of miRNAs detectable in all three sets of recombined MDSCs compared to their non-recombined counterparts (Fig. 4E) . Combining the overlapping populations of miRNAs that were only present in recombined MDSCs with the list of miRNAs found in tumorderived exosomes yielded four miRNAs; miR-126-3p, miR-27b, miR-320 and miR-342-3p (box Fig. 4E ). Interestingly, all these miRNAs have been reported in the context of tumor progression, [26] [27] [28] [29] although their role in the regulation of immune cell functions is not known.
Conclusions
In summary, we showed for the first time the Cre-lox-based tracing of EV-mediated RNA transfer from tumor to host cells in the tumor microenvironment in vivo and show changes in immunosuppressive phenotype and miRNA profiles after EV uptake. The possibility to identify and isolate cells that are the target of tumor EV RNA will be crucial for the identification and analysis of novel pathways in stromal cells that support tumor growth. In addition, our data demonstrate that in tumor models of carcinoma and glioma, MDSCs represent a major cell population targeted by tumor released EVs. Together with other soluble factors, tumor EVs could thus be responsible for the MDSC expansion and activation of their immunosuppressive functions in a wide range of tumors.
Materials and Methods
Mice and animal surgery Permission for all animal experiments was obtained by the regional Ethical Commission for Animal Experimentation of the state of Hessen, Germany (ethical permission Gen. Nr. F94/19). Cre reporter mice were Rosa26-LacZ (JAX-mice stock number 003309), Rosa26-EGFP (JAX-mice stock number 004077) or Rosa26-EYFP (JAX-mice stock number 005130). Genotyping was performed using particular PCR-protocols provided by Jackson Laboratory (http://www.jax.org). Mice 6-12 weeks of age were kept in the animal facility of the University Hospital Frankfurt (ZFE) under a 12 h day/night cycle with free access to food and water. For brain tumor inoculation, 10 4 TU2449CreGfp or TU2449Cre cells in 1 mL PBS were injected intracranially in deeply anesthetized mice. Animals were killed 10-12 d after injection. For the carcinoma model, 10 6 LLC2 cells in 200 mL PBS were injected into the tail veins, or 2.5 £ 10 5 LLC2Cre-Gfp cells in 200 mL PBS were injected subcutaneously into Cre reporter mice. For intracranial EV injection, 2 mL EV preparations in PBS were injected into the forebrains of Cre reporter mice (n D 2). Three days after injection, mice were killed and analyzed. As a control experiment, 2 mL lysate generated from 10 5 TU2449CreGfp cells by repeated freeze-thaw cycles was injected (n D 2). At least 14 animals were analyzed for each model. Animal numbers for experiments with statistical analysis were based on expected incidence based on qualitative observations from tissue sections as indicated in the figure legends.
Cell lines
Cell line TU2449 was generated as described. 11, 12 Lewis lung carcinoma cell line LLC2 was a gift from Yvonne Reiss (Frankfurt University Medical School). Stable expression of Cre was achieved by transduction with a commercial lentivirus (Allelebiotech) or Cre GFP with a retrovirus resulting in the cell lines TU2449Cre-Gfp and LLC2Cre-Gfp. Cell lines were routinely tested for mycoplasma infection.
Antibodies
Rat anti-mouse directly conjugated mAbs (CD45-PerCP, clone 30-F11; CD45.2-PerCP-Cy5.5, CD11b-V450, clone M1/70; CD11b-PE and APC, Gr-1-APC, clone RB6-8C5, Gr1-PE-Cy7, PD-L1-PE, and CD11c-APC) were from BD Biosciences (Heidelberg, Germany). Purified rat IgG2 CD16/CD32 (BD PharMingen, clone 2.4G2) was used prior staining to block Fcg III/II receptors. Antibodies for immune staining were anti-b-Gal (mouse monoclonal, Promega; rabbit polyclonal, MP Biomedicals, anti-Iba1 (rabbit polyclonal, Wako), anti-NeuN (rabbit polyclonal, PE-Cy7 conjugated, Bioss Antibodies and mouse monoclonal Alexa-488 conjugated, Chemicon International), anti-vWF (rabbit polyclonal, DAKO), anti-GFP (Alexa-488 conjugated, rabbit polyclonal, Invitrogen), anti-human CD68, CD15 and leukocyte common antigen LCA (all mouse monoclonal, Dako).
Tissue processing
Deeply anesthetized mice were perfused transcardially with PBS followed by 4% cold paraformaldehyde (PFA) in PBS. All organs were post-fixed in 4% PFA in PBS for 12-24 h. For cryosectioning, organs were cryoprotected in 15% sucrose for additional 24 h before they were embedded and sectioned (10-12 mm) as a frozen block. Coronal brains sections (40-50 mm) were cut on a vibratome (Leica, Germany) and kept in PBS at 4 C.
Immunohistochemical visualization and microscopy
Fluorescent images were taken on a confocal LSM Nikon TE2000-E microscope. Images were processed using the EC-C1 3.60 software and ImageJ (NIH). Figures were mounted in Adobe Photoshop CS4.
Preparation of EVs
The tumor cell supernatant or peripheral blood samples were collected and processed by differential centrifugation as described.
14 Exosome preparation were analyzed for protein content (Bradford assay, Biorad) and by nanoparticle tracking analysis. EVs isolated by differential ultracentrifugation were resuspended 1:1,000 to 1:2,000 in PBS and assayed using the Nanoparticle Tracking Analysis (Nanosight, Malvern Instruments, Amesbury, UK). Particles were measured at 23 C, for 60 s and number of particles was determined using NTA Software 2.2. Total preparations of EVs used in the present study had particle:protein ratios of 1 £ 10 10 to 4 £ 10 10 according to published procedures.
30,31
Electron microscopic analysis Vesicle preparations were fixed and stained as described14 with minor modifications. The uranyl-oxalate (step 6) was substituted with 2% of uranyl-acetate in dH2O (Dehydrate, Ted Pella, Inc.) and the ratio of methylcellulose (Sigma-Aldrich) to uranylacetate was changed to 1% each (step 7). Grids were analyzed using Tecnai Spirit BioTWIN electron microscope (FEI, Netherlands) at 120 kV. Pictures were taken with a FEI Eagle 4 K bottom-mount CCD camera.
RT-PCR analysis RNA was purified using Qiagen RNeasy Micro Kit, according to manufacturer's instructions. cDNA synthesis was performed with SuperScipt III reverse transcriptase (RT) (Invitrogen) and OligodT18 primers (Fermentas) or with Cre primers. Residual DNA contamination was excluded by controls in which RT was omitted during cDNA synthesis. For Cre mRNA detection, a heminested PCR was performed with 5 mL of vesicle cDNA preparation and Primers FORWARD-out and REVERSE (FORWARD-out: 5 0 -GTGGGAGAATGCTGATCCACA-3 0 ; REVERSE 5 0 -ACAC-CATTCTTTCTGACCCG-3 0 ) in the first reaction followed by the second PCR using 2 mL of the amplificate and FORWARD-in (5 0 GGTTACCAAGCTGGTGGAGA -3 0 ) and REVERSE. PCR products were visualized on a 3% agarose gel. For quantitative PCR, TaqMan probes were used (AppliedBiosystems). qPCR was performed on a BioRad iCycler. Quantitation of the products was performed using the dt/ddt method against the housekeeping genes b-actin and Rps13 using the BioQuant Software.
Biochemical analysis SDS-PAGE analysis and western blot have been described before. 32 Cells were lysed in 1% NP40/PBS with protease inhibitor cocktail a described. Cell lysates were prepared by centrifugation for 20 min in a table-top centrifuge at 13.000 £ rpm. The supernatant representing the cell lysates was processed for SDS-PAGE by diluting with SDS-sample buffer. The residual pellet containing intact nuclei was used to prepare nuclear extracts. For this, it was resuspended in SDS-sample buffer and the DNA was sheared by sonication as described. 17 Sucrose gradient analysis For sucrose density gradient fractionation, vesicles were loaded on top of a stepwise sucrose gradient at the following concentrations: 2 M, 1.3 M, 1.16 M, 0.8 M, 0.5 M and 0.25 M in TBS. The gradient was centrifuged for 2.5 h at 100.000 £ g, 4 C using a Beckman SW40 Rotor (k-factor: 137). 300 g of total protein were applied to each sucrose gradient and twelve 1 mL fractions were collected from the top of the gradient, diluted with TBS (1:10) and ultra-centrifuged for 2,5 hrs at 100.000 £ g. The resulting pellet was treated with RNAseA to eliminate any free RNA. For protein analysis, gradient fractions were subjected to protein precipitation using Chloroform/Methanol as described. 33 Precipitates were dissolved in SDS-sample buffer and used for SDS-page and western blot analysis. Blots were probed in a sequential fashion with the various antibodies. The following antibodies were used: anti-mouse CD9 (R&D Systems, clone 139712), antiCre-recombinase (Covance, NMS-106P), anti-TSG101 (Genetex, clone 4A10) and anti-Calnexin (Ab-583, Biomol, Hamburg).
Flow cytometry
All tumor-bearing animals were included in the analysis. Subpopulations of cells derived from individual animals were compared to each other, therefore no randomization or blinding method was applied. Lung tumors were separated from the surrounding lung tissue. Single-cell suspensions were prepared by mechanical disaggregation in cold PBS. Brain tumors were dissected out, minced with fine scissors and dissociated in Accutase (PAA Laboratories GmbH, Austria) for 30 min with repeated tituration. After dissociation, cell suspensions were filtered through 40 mm cell strainers (BD Biosciences) and treated with Fc-block for 10 min followed by incubation with mAbs for 30 min at 4 C. Acquisition and sorting was performed by multicolor flow cytometry using a FACSCanto II or a FACSAria with FACSDiva software (both from BD Biosciences) with dead cell exclusion. FlowJo software (Tree Star, Ashland, OR) was used to analyze at least 100,000 events.
Screening of miRNA by quantitative real-time PCR miRNA was isolated from MDSCs sorted by FACS or from exosomes purified from tumor cell supernatant using the miRNeasy Micro Kit (Qiagen, Hilden, Germany) according to the manufacturer s protocol. The extracted miRNA was diluted in 15-L H 2 O. Quantitative miRNA expression analysis was performed using real-time PCR (LightCycler Ò 480 Real-Time PCR System, Roche Applied Science, Mannheim, Germany). To screen for miRNA expression, the miRCURY LNA TM Universal microRNA Ready-to-Use PCR panel (Exiqon, Vedbaek, Denmark) was used according to the manufacturer's instructions. Prior to the analysis, plate-specific effects were normalized using the reference RNA included. Cp values from recombined MDSCs were then compared to the Cp values measured in nonrecombined MDSCs.
Statistical analysis
Results were assessed with Student's t-test using GraphPad Prism software (San Diego, CA). Differences in values at p < 0.05 were considered significant. Supplemental Material: Table with the list of miRNAs detected in tumor exosomes as well as isolated MDSCs.
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